The channels that control K ؉ homeostasis by mediating K ؉ secretion across the apical membrane of renal tubular cells have recently been cloned and designated ROMK1, -2, and -3. Native apical K ؉ channels are indirectly regulated by the K ؉ concentration at the basolateral membrane through a cascade of intracellular second messengers. It is shown here that ROMK1 (K ir 1.1) channels are also directly regulated by the extracellular (apical) K ؉ concentration, and that this K ؉ regulation is coupled to intracellular pH. The K ؉ regulation and its coupling to pH were assigned to different structural parts of the channel protein. K ؉ regulation is determined by the core region, which comprises the two hydrophobic segments M1 and M2 and the P region. Decoupling from pH was achieved by exchanging the N terminus of ROMK1 by that of the pH-insensitive channel IRK1 (K ir 2.1). These results suggest an allosteric regulation of ROMK1 channels by extracellular K ؉ and intracellular pH, which may represent a novel link between K ؉ homeostasis and pH control.
ϩ homeostasis, is mediated by low conductance (35 picosiemens) weak inward-rectifier K ϩ channels found in the apical membrane of principal cells in renal collecting ducts (1, 2) . These low conductance K ϩ channels have been shown to be regulated by intracellular pH and by protein kinases (1, 3) . In cortical collecting duct, K ϩ secretion through these channels was found to be inhibited by decreased basolateral K ϩ concentration through inhibition of Na ϩ /K ϩ -ATPase leading to increased intracellular Na ϩ concentration, impairment of Na ϩ /Ca 2ϩ -exchange, increase of intracellular Ca 2ϩ concentration, and stimulation of protein kinase C (4). In proximal tubule cells, however, K ϩ conductance of the apical membrane was inhibited by apical K ϩ depletion by an unknown mechanism (5). Efforts to identify channel molecules responsible for renal K ϩ secretion resulted first in cloning of ROMK1 (6) and later ROMK2 and -3 (7, 8) , which are N-terminally spliced variants of ROMK1. All clones encode weak inward-rectifier K ϩ channels, were shown to be expressed in renal tubular cells (8, 9) , and are presently assumed to underlie the native renal K ϩ secretion channels (7) (8) (9) (10) .
ROMK channels are members of a superfamily of structurally and functionally related K ϩ channel proteins (K ir channels) 1 (6, (11) (12) (13) (14) (15) (16) (17) . The common structural motif these K ϩ channels share are two hydrophobic segments (M1 and M2) flanking a putative "pore" (P) region, which is highly homologous to the P region in K v -type and Ca 2ϩ -dependent K ϩ channels (18, 19) . The common functional property of K ir channels is their inward-rectifying current-voltage relation (I-V), which may be weak or strong and which is due to a voltage-dependent block of the channel pore by intracellular polyamines (20 -23) . Among the K ir channels cloned so far, only ROMK subunits form homomeric weak inward-rectifier channels (8, 10, 24) , which are able to conduct significant outward currents necessary for K ϩ secretion over the whole physiological voltage range. Moreover, ROMK1 channels show dependence on intracellular pH (25) and are regulated by MgATP and protein kinases (26) .
Here we investigate the regulation of ROMK1 channels by external K ϩ and explore the structural determinants involved in this type of regulation and its coupling to intracellular pH.
MATERIALS AND METHODS
Mutagenesis and cRNA Synthesis-Chimeras RO-IR(N) and RO-IR(C) were obtained as follows. Fragment N IR comprising the entire IRK1 N terminus (aa 1-86) and parts of ROMK1 (aa 83-256) and fragment C IR equivalent to ROMK1 (aa 1-177) plus parts of the IRK1 C terminus (aa 179 -221) were obtained from two-step PCRs, digested, and subcloned into ROMK1-and IRK1-clones (6, 27) , respectively, which have previously been subcloned into a pSP64T-derived vector. RO-IR(N,C) was obtained by inserting a BamHI/XcmI fragment of RO-IR(N) into the BamHI/XcmI-digested RO-IR(C) construct.
IR-RO(N) and IR-RO(C) chimeras were obtained as follows. Fragment N RO , which is ROMK1 N terminus (aa 1-82) plus parts of IRK1 (aa 87-256), and fragment C RO , equivalent to IRK1 N terminus and core (aa 1-178) plus parts of ROMK1 C terminus, were obtained from two-step PCRs, digested, and subcloned into IRK1-and ROMK1-clones, respectively. For IR-RO(N,C), a fragment comprising ROMK1 N terminus plus parts of IRK1 core was subcloned into the IR-RO(C) construct. After subcloning, all chimeric constructs were verified by sequencing.
Capped cRNAs specific for IRK1 (12), ROMK1 (6), BIR10 (11), BIR11 (11), BIR1 (28), RO-IR(N,C), RO-IR(C), RO-IR(N), IR-RO(N,C), IR-RO(C), and IR-RO(N) were synthesized in vitro using SP6 polymerase (Promega, Heidelberg, FRG) and stored in stock solutions at Ϫ70°C.
Preparation and Injection of Oocytes-Xenopus oocytes were surgically removed from adult females and manually dissected. About 50 nl of a solution containing cRNA was injected into Dumont stage VI oocytes. Oocytes were treated with collagenase type II (Sigma, 0.5 mg/ml) and incubated at 19°C for 1-3 days before use.
Electrophysiology and Data Evaluation-Electrophysiological recordings were performed 3-7 days after injection using a two-microelectrode voltage clamp. For two-microelectrode recordings, current and voltage electrodes were pulled from thick-walled borosilicate glass, had resistances between 0.1 and 0.5 megaohm, and were filled with 3 M KCl. Currents were recorded with a TurboTec 01C amplifier (npi, Tamm, FRG), digitized at 0.1 kHz (ITC16, HEKA, Lamprecht, FRG) and stored on hard disk. The bath chamber was made up as a narrow canal to achieve complete solution exchanges in less than 10 s. The NFR 0K solution was composed as follows (in mM): 117. 4 and pH was adjusted ot 7.2. Intracellular acidification with either method resulted in identical effects on K ϩ regulation. The Na/KHCO 3 method, however, was preferred since acidification was achieved faster and showed more stability. All experiments were performed at room temperature (approximately 23°C).
Plots illustrating dependence of ROMK1 channels on extracellular Computational work was done on a Macintosh Quadra 800 computer using commercial software (IGOR, WaveMetrics) for fitting. All mean values throughout the paper are given as mean Ϯ S.D. of n experiments.
Recording of Intracellular pH-pH-sensitive electrodes were made and calibrated as described (25) , and electrodes with linear slopes of Ͼ50 mV/pH unit were used for experiments. The intracellular pH was determined during voltage-clamp experiments by measuring the potential of the pH electrode relative to the command voltage. The measured potential was low pass-filtered (cut-off frequency of 0.1 Hz) and stored on hard disk.
RESULTS

ROMK1 Channels Are Dependent on Extracellular K
ϩ -Under physiological conditions, large outward K ϩ currents as necessary for K ϩ secretion require highly negative K ϩ reversal potentials (E K ). We therefore studied ROMK1 channels, which conduct significant outward currents in high symmetrical K ϩ (6, 26), also at low extracellular K ϩ concentrations. However, when Xenopus oocytes expressing ROMK1 channels were bathed in 1 mM K ϩ for longer periods, outward K ϩ currents slowly decreased and finally became undetectable.
Fig. 1A displays decline and subsequent recovery of ROMK1-mediated outward K ϩ currents (in response to repeated voltage ramps of 20 s from Ϫ120 to 50 mV) after changing extracellular K ϩ from 20 to 1 mM and back to 20 mM. The reversible changes in current through ROMK1 channels occurred on a slow time scale and are best seen in outward current, which is carried by the constant high intracellular K ϩ concentration. The solution exchange itself was completed in less than 10 s, as reflected by the fast decrease in inward current (most pronounced upon the switch from 20 to 1 mM K ϩ ), which is due to the shift in reversal potential (between approximately Ϫ100 mV and Ϫ40 mV). This slow decrease and increase of ROMK1-mediated current in response to changes in extracellular K ϩ concentration will be referred to as K ϩ regulation. Additionally, because of its slow rates, K ϩ regulation was investigated only in whole oocytes since run-down of K ir channels in excised patches usually occurs much faster (26, 27) . Fig. 1B shows ROMK1 channels exposed successively to 5, 2.5, 1, and 0 mM external K ϩ , after prior superfusion with 20 mM K ϩ . The left panel shows the time course of outward currents measured at 50 mV, while the right panel displays the corresponding changes in the I-V. Thus, physiological K ϩ concentrations effectively regulate outward K ϩ currents over the whole voltage range. K ϩ regulation of ROMK1 outward currents at decreased extracellular K ϩ concentrations more than compensated for the increase in driving force caused by the increased difference in transmembrane K ϩ concentration. From experiments as in Fig. 1B , the K ϩ concentration for half-maximal outward current at 50 mV (EC 50 ) was estimated by fitting dose-response curves to the steady-state current amplitudes determined by monoexponential fits to the current decline in the respective K ϩ concentration. The EC 50 yielded by Fig. 1 . A, dose-response relation of ROMK1 channels and extracellular K ϩ at two different intracellular pH values (7.5 and 6.7). Lines represent fit of a logistic function to experimental data (see "Materials and Methods"); values for EC 50 and Hill coefficient yielded by the fit were 3.1 mM and 1.61 at pH 7.5 and 11.1 mM and 1.62 at pH 6.7. B, extracellular K ϩ , Rb ϩ , and Cs ϩ induced an increase in ROMK1-mediated current, while current decreased in the presence of Na ϩ or Li ϩ . Extracellular K ϩ (90 mM) was replaced by 90 mM of the various monovalent cation species. Note that Cs ϩ is impermeant and does not allow inward currents. pH monitoring was performed as described in Fig. 3A . After an initial current increase induced by 90 mM K ϩ at pH 7.5, pH was rapidly changed to approximately 6.8 by brief application of 90 mM NH 4 ϩ . Maintenance of the acidic intracellular pH was achieved by replacing 27.5 mM chloride with equimolar acetate in NFR 0K .
FIG. 4. Activity of ROMK1 channels depends on concentration and species of extracellular ions. Experimental conditions were as detailed in
this procedure was 4.5 Ϯ 1.6 mM K ϩ (n ϭ 4).
Sensitivity of K ir Channels to Extracellular K
ϩ Is Subunitspecific-To investigate whether K ϩ regulation is a general property of all inward-rectifier K ϩ channels or is specific for ROMK1 channels, experimental conditions were established to maximize detection of K ϩ regulation in strong inward-rectifier K ϩ channels by evaluation of inward currents. Oocytes were first incubated in 0 mM K ϩ for approximately 1 h and then exposed to 90 mM K ϩ to visualize time-dependent increase of inward currents. In a series of experiments shown in Fig. 2A , this led to a slow current increase in oocytes expressing ROMK1 (time constant of 137 Ϯ 42 s; n ϭ 11), but had no effect in oocytes expressing IRK1 (12), BIR11 (11, 30 -33) , BIR1 (28) , and BIR10 (11) (n ϭ 5 for all K ir subunits). This suggests that K ϩ regulation is specific for ROMK1 channels. K ϩ Regulation of ROMK1 Channels Is Modulated by Intracellular pH-ROMK1 channels are regulated by intracellular pH (25) . To investigate the effect of changes in intracellular pH on K ϩ regulation of ROMK1 channels, intracellular pH was decreased in oocytes from approximately 7.5 to 6.7 at constant extracellular pH of 7.2 (see "Materials and Methods"). Intracellular pH was monitored with a pH-sensitive microelectrode (illustrated in the lower panel of Fig. 3A) .
As shown in Fig. 3A , the time course of current decrease induced by changing external K ϩ from 90 to 0 mM was accelerated by intracellular acidification. While the respective time constant ( 0K ϩ ) was 1932 Ϯ 1050 s (n ϭ 6) at pH 7.5, it was 38 Ϯ 9 s (n ϭ 5) at pH 6.7 (Fig. 3, A and B) . Thus, a change in intracellular pH from 7.5 to 6.7 induced a large increase of the rate of current decline (224-fold/pH unit, regression line in Fig.  3B ). In contrast, the time constant of current increase observed upon switching external K ϩ from 0 to 90 mM ( 90K ϩ ) was independent of pH ( Fig. 3B) . As a consequence, the dose dependence of ROMK1 channels on extracellular K ϩ is shifted towards higher concentrations (Fig. 4A) with the EC 50 being significantly higher at pH 6.7 (12.1 Ϯ 2.1 mM, n ϭ 4) than at pH 7.5.
The Core Region of ROMK1 Channels Determines Regulation by Extracellular K
ϩ -In addition to K ϩ , the monovalent cations rubidium (Rb ϩ ) and cesium (Cs ϩ ) (Fig. 4B ) also induced in- crease of ROMK1-mediated current, while Li ϩ led to a current decrease similar to Na ϩ (Fig. 4B ). This suggests a selectivity pattern for K ϩ regulation, which resembles the regulation of voltage-gated K ϩ channels of the K v 1.4 type by extracellular monovalent cations (34) and the selectivity pattern of the Na ϩ / K ϩ -ATPase (35), which was assumed to be involved in K ϩ channel regulation in kidney (4). To test for involvement of Na ϩ /K ϩ -ATPase in the direct regulation of ROMK1 by external K ϩ , experiments as in Fig. 2 were repeated in the presence of the Na ϩ /K ϩ -ATPase inhibitor ouabain (500 M). K ϩ regulation of ROMK1 appeared unchanged in the presence of ouabain (n ϭ 7, data not shown).
Since K ϩ regulation was only seen in ROMK1 but not in the other rectifier subtypes tested (Fig. 2) , the question of underlying molecular determinants was addressed by making chimeric constructs between ROMK1 and IRK1. As shown in Fig.  5 , regulation by extracellular K ϩ could be introduced into IRK1 by replacing its core region by the corresponding ROMK1 sequence, while the ROMK1 N terminus (IR-RO(N)) failed to convert K ϩ sensitivity to IRK1 channels. Expression of chimeric channels with the IRK1 C terminus replaced by that of ROMK1 did not result in measurable currents. As further shown in Fig. 5 , replacing neither C nor N terminus of ROMK1 by the corresponding IRK1 sequence (RO-IR(C) and RO-IR(N)) resulted in loss of K ϩ sensitivity, although the time course of K ϩ -induced current increase is somewhat different from ROMK1 wild type. The construct with the ROMK1 core region replaced by that of IRK1 ((IR-RO(N,C)) did not lead to expression of functional channels.
Taken together, regulation by extracellular K ϩ is basically determined by the ROMK1 core region, while N and C termini seemed to have some modulatory effects.
The N Terminus Determines Interaction of Extracellular K ϩ and Intracellular pH-Although K ϩ regulation was observed in RO-IR(N) channels as displayed in Fig. 5D , the increase in current amplitude appeared to be faster than that of ROMK1 wild type. Therefore, K ϩ regulation in RO-IR(N) channels was further analyzed by investigating the time course of outward current decrease induced by depletion of external K ϩ . As shown in Fig. 6A , the respective time constant at intracellular pH of 7.5 was indeed much faster ( 0K ϩ : 34 Ϯ 9 s; n ϭ 3) than that found for ROMK1 wild type channels.
We next tested the effect of changes in intracellular pH on K ϩ regulation of RO-IR(N) channels at 0 mM K ϩ . Surprisingly, the rate at which the current declined was independent of pH ( Fig. 6, A and B) , while K ϩ regulation of RO-IR(C) channels was as strongly pH-dependent as in ROMK1 wild type channels (data not shown).
Thus exchange of the ROMK1 N terminus impairs pH control of K ϩ regulation, but K ϩ regulation itself remains active. And since both processes involve different domains of the ROMK1 channel protein, the interaction of extracellular K ϩ and intracellular pH is thought to be allosteric. DISCUSSION The results show that extracellular K ϩ directly regulates activity of ROMK1 channels and that K ϩ regulation is controlled by intracellular pH. Both extracellular K ϩ and intracellular pH closely interact in the ROMK1 channel protein. However, as indicated by mutagenesis experiments, this interaction is not mediated by one and the same site on the channel molecule, but involves different structural domains. K ϩ regulation seems to be determined by the core region, while control of K ϩ regulation by intracellular pH requires the N terminus of the ROMK1 channel protein. Taken together, extracellular K ϩ and intracellular pH interact allosterically in ROMK1 channels, although the mechanisms underlying these regulatory processes still remain to be elucidated.
The physiological role of native ROMK channels in kidney is assumed to be secretion of K ϩ into the renal tubules. According to present knowledge, K ϩ homeostasis is mainly controlled via an indirect regulation of the apical K ϩ channels, most likely of the ROMK-type, by the basolateral K ϩ concentration (4). A direct regulation process of ROMK channels by K ϩ ions has not yet been taken into account. How might the direct K ϩ regulation described here interfere with the other processes involved in K ϩ homeostasis? K ϩ secretion increases the tubular K ϩ concentration. This will up-regulate the activity of apical ROMK1 channels by direct K ϩ regulation. Direct K ϩ regulation therefore might represent a positive feedback control of the K ϩ secretion process, which otherwise is negatively fed back by the decreased electrochemical driving force that accompanies in-
؉ regulation is decoupled from pH by substitution of the N terminus. A, experimental conditions were as detailed in Fig. 3 . In RO-IR(N) channels, time course of current decline observed upon switching extracellular K ϩ from 90 to 0 mM is identical at pH 7.5 ( 0K ϩ : 34 s) and at pH 6.7 ( 0K ϩ : 34 s). B, time constants as revealed by monoexponential fits to the time course of current decline. Line fitted to the 0K ϩ values resulted in a slope factor of 1.1 for a pH change of 1 unit; 0K ϩ values and regression line for ROMK1 wild type channels are included for better illustration.
creased apical K ϩ concentrations. Since the K ϩ level in the plasma is very stable, the control circuit of K ϩ homeostasis must have a high gain. A positive feedback, such as the direct K ϩ regulation described here, might increase the overall gain of K ϩ control and contribute to the stability of the plasma K ϩ concentration. When expressed in Xenopus oocytes, ROMK1 channels are effectively up-regulated not only by K ϩ , but also by Rb ϩ and Cs ϩ . The selectivity pattern of K ϩ regulation resembles the K ϩ dependence described previously for the cloned voltage-gated K ϩ channel K v 1.4 (34) . Similar to K v 1.4 channels, Cs ϩ upregulates ROMK1 channels but cannot permeate the K ϩ channel pore. This suggests that the extracellular cations that upregulate ROMK1 need not pass the selectivity filter to reach a putative regulation site. In contrast to voltage-gated K ϩ channels, which are known to exhibit a complicated gating behavior involving at least two types of inactivation (C-type and N-type; Ref. 36) sensitive to extracellular ions, no ion dependence or gating-induced inactivation has been described for ROMK1 or any other cloned inward-rectifier channel except of the Gprotein regulated subtypes (13) . K ir channels are presently conceived as ion-selective pores, which are mainly controlled by intracellular blocking cations such as polyamines, Mg 2ϩ , or hydrogen ions and which need phosphorylation to remain conductive but do not undergo significant conformational changes. In the present study two regulatory mechanisms are shown to interact allosterically, which may imply conformational changes of the channel protein.
